The optimization of the anodization process of Ti substrate for in situ synthesis of hydroxyapatite/titanium oxide composite coatings on titanium substrate was accomplished. The anodization was performed under 30, 60 and 90 V cell voltage, and the morphology of treated surface, as well as linear and surface roughness, were analysed by field emission-scanning electron microscopy, atomic force microscopy and roughness tester. It was shown by linear and surface roughness analyses that titanium anodized under 60 V has the highest roughness, whereas at 90 V the flattening of the surface occurs. As the highest surface roughness results emerged at 60 V, the novel process of composite anHAp/TiO 2 coating synthesis, which comprises simultaneous processes of TiO 2 formation and HAp deposition, as well as HAp impregnation within TiO 2 surface layer, was performed at this voltage. Ti substrate surface was completely covered by composite coating, with no visible cracks. The adhesion quantified according to ASTM D3359-02 standard is considerably improved with respect to the coatings obtained by cathaphoretic processes, with no need of subsequent sintering.
INTRODUCTION
Titanium and its alloys are widely used in medical devices, orthopedic implants, dental implants, and device components of aerospace industries. It is attractive for its low weight, fatigue resistance, corrosion resistance, having superior room and elevated temperature mechanical properties. [1] [2] [3] [4] As one of the valve metals (others being Al, Ta, Nb, V, Hf and W), titanium is protected by a thin oxide layer which spontaneously forms on its surface when exposed to air or other oxygen-containing environments. This 2-to 5-nm thick oxide passive layer is responsible for the corrosion resistance of titanium and its alloys. 5 Due to its passivating oxide layer, titanium is biocompatible and used as implant material in various medical devices. However, the native TiO 2 layer is not bioactive enough and it lacks osseointegration to form a direct bonding to the bone. This can lead to long term failure after implantation. 5 Improvement of the surface properties of titanium-based implants (e.g., topography, chemistry and surface energy) include surface modification techniques such as sand-blasting, acid etching, plasma spraying, etc. [5] [6] [7] [8] [9] [10] Anodization is another widely used method to improve bioactivity by formation of protective oxide films on titanium and its alloys. 3, [11] [12] [13] The advantages of this technique include ease of production, strong adhesion between the oxide layer and the substrate and superior control of the surface morphology. [14] [15] [16] The anodization process consists of applying an anodic current to the Ti and Ti alloys substrate in different electrolyte solutions. The parameters of anodization, such as electrolyte type, temperature, anodic current density and anodization time, significantly affect the properties and morphologies of the anodic oxide films. [17] [18] [19] On the other hand, neither mechanical nor chemical methods have the ability to produce controlled surface topographies, since these methods have the potential to form surface residuals. Alternative methods to modify titanium surfaces are required. One of the most promising attempts to further improve bone-bonding involves coating titanium-based implants with hydroxyapatite (HAp) or other calcium phosphates. 5 HAp is the main mineral in bones with the Ca/P mole ratio of 1.67 in stoichiometric hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ). 4 The HAp-coated titanium was shown to have excellent corrosion resistance and good biocompatibility. 20 HAp is of porous structure and sufficient bioactivity for its partial resorption leading to successful replacement of natural bone cells. It is widely used in medical applications, including tissue engineering, drug delivery and bone tissue repair, owing to ability to create strong chemical bonds with bones. 4, 21 The main problem in altering titanium surface by ceramic coatings is large difference in properties of the hydroxyapatite and titanium substrate. The coating adhesion to the substrate remains a major problem due to different mechanical properties. 4 Literature review showed that most of the papers did not address adhesion problem. [22] [23] [24] [25] [26] Poor coating adhesion appeared in the form of delamin-________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2019 SCS.
ADHESION OF COMPOSITE HAp/TiO 2 COATING 1307 ation, poor mechanical properties, poor connections between ceramics and metals and long-term failures due to weak adhesion to the metal substrate and dissolution once they have been implanted. 4, 5 Solutions to this problem were partially found in the surface modification methods of the substrate, such as anodization, sandblasting, electrophoretic deposition of HAp coatings or chemical treatment of the surface to improve adhesion. 27, 28 With electrodeposition, HAp coatings of complex structures can be obtained, with easily controlled thickness at low temperature. 20, 28 In order to address known problems associated with controlled surface topography, morphology and adhesion, novel in situ synthesis of HAp/TiO 2 composite coating on titanium substrates, via electrophoretic deposition (EPD) of HAp and simultaneous anodization of Ti is reported. the applied synthesis methodology is expected to strengthen the biocompatible composite coating with no need of subsequent sintering. EXPERIMENTAL Titanium plates (Aldrich, 99.7 % purity) with a dimension of 20 mm×10 mm×0.89 mm were used as the substrates. Prior to anodization, samples were abraded with silicon carbide (SiC) paper of successive grades from 600 to 2000 grit and further mechanically polished to mirror finish with alumina pastes of 1, 0.3 and 0.05 μm. All samples were then ultrasonically cleaned in ethanol solution and rinsed in deionized water.
Anodization was carried out in an electrolytic cell with a magnetic stirring at 25 ℃. The prepared sample was used as anode, and a 1Cr18Ni9Ti stainless steel plate as cathode. The electrolyte was an aqueous solution consisting of 50 vol.% 0.1 M sodium hydroxide (NaOH) and 50 vol.% of absolute ethanol, which were prepared from analytical grade chemicals (Sigma-Aldrich) and deionized water. A Hewlett Packard HP6024A potentiostat/galvanostat was served as a power supply. The cathodes faced both sides of the anode with the distance between the anode and the cathodes of 10 mm. The anodizing voltages applied were 30, 60 and 90 V. The samples were anodized until 1.13 C of electric charge was consumed by the anode. The reason for choosing to conduct Ti substrate anodization process up until 1.13 C of electric charge was spent by the anode is to control both the speed and time of anodization, After anodization, the titanium specimens were rinsed with deionized water and cleaned in an ultrasonic bath. Afterwards, the coatings were dried at 80 °C for 30 min.
The morphology and roughness of the anodized samples were examined by FE-SEM (Tescan Mira 3 XMU FEG-SEM) and AFM (Nanoscope III AFM multi-mode scanning probe microscope, produced by Digital Instruments).
A chemical precipitation method was used to prepare HAp powder by the reaction of calcium oxide (obtained by calcination of CaCO 3 for 5 h at 1000 °C in air) and phosphoric acid. A stoichiometric amount of the calcium oxide was stirred in distilled water for 10 min and phosphoric acid was added dropwise to the suspension in order to obtain hydroxyapatite powder, Ca 10 (PO 4 ) 6 (OH) 2 . When the necessary quantity of phosphoric acid was introduced, the pH reached the value of 7.4−7.6. The obtained suspension was heated to 94±1 °C for 30 min and stirred for another half an hour. Upon sedimentation, the upper clear solution layer was decanted. The suspension was spray-dried at 120±5 °C into granulated powder. 29 1308 PANTOVIĆ PAVLOVIĆ et al.
For anaphoretic deposition, the HAp suspension was prepared from 1.0028 g of HAp powder and 100 cm 3 of solution containing 50 vol. % of absolute ethanol and 50 vol. % of 10 % NaOH water solution (pH 10). Subsequently, suspension was ultrasonicated for 15 min to reach homogeneous and stable state. The titanium plates (dimensions: 20 mm×10 mm×0.89 mm, for surface analysis, Aldrich, 99.7 % purity) were used as substrates for anaphoretic deposition of HAp coatings. As for anodization, Ti plates were mechanically pretreated before deposition. Metal plates were polished with different grades sandpaper, followed by wet polishing with 0.3 and 0.05 μm alumina and finally cleaned in ethanol for 15 min in an ultrasonic bath.
The electrochemical cell was filled with HAp/NaOH suspension and purged with N 2 for 30 min. A Hewlett Packard HP6024A potentiostat/galvanostat was used as power supply. Prior to anaphoretic depositions, the HAp suspension was ultrasonically treated for 30 min to obtain a homogeneous particle distribution and the suspension was stirred for 2 h by magnetic stirrer prior and continuously during anaphoretic deposition. The HAp/TiO 2 (anHAp/TiO 2 ) composite coatings on Ti were obtained at the constant voltage of 60 V for a deposition time of 45 s, at 25 °C. AnHAp/TiO 2 coatings were air dried at room temperature.
The morphology and roughness of the obtained anHAp/TiO 2 coating was examined by SEM and AFM. Linear roughness of both anodized Ti as well as composite anHAp/TiO 2 coating was measured using portable roughness tester TR-200 (Innovatest, Maastricht, The Netherlands). Adhesion of in situ-synthetized composite anHAp/TiO 2 coating to the titanium substrate was measured according to ASTM D 3359-02: Standard Test Methods for Measuring Adhesion by Tape; cross-cut tape test (B).
RESULTS AND DISCUSSION

Optimization of deposition parameters -anodization of titanium
The current applied to anode vs. time of anodization in first 50 s of the anodization is plotted in Fig. 1 . There is well-resolved current peak in first few seconds of the anodization process, when the majority of the anodization process take place and when the most of the electric charge is spent. Once the non-conductive oxide titanium layer is formed on the substrate surface, the current drops sharply, and exponentially decays throughout the experiment. The total electric charge applied to the anode can be calculated by integrating I vs. t curves. The electric charge of 1.13 C required 5235 s at 30 V, 1785 s at 60 V and only 49 s at 90 V of anodization. Table I shows the time distribution required for different electric charges to pass through the anode at various anodization voltages. Fig. 2 shows the appearance of untreated and the anodized titanium substrates at different anodization voltages, namely 30, 60 and 90 V. The prepared Ti substrate without anodization appears gray with mirror-like metallic shine ( Fig. 2a) . However, the substrate becomes turquoise by anodization at 30 V (Fig.  2b ). This change in color indicates that a new oxide layer is formed on the surface. By increasing the applied voltage to 60 V, then keeping the electric charge constant (i.e., 1.13 C), the surface of anodized layer becomes orange with inputs of purple spots on the surface of orange oxide layer (Fig. 2c ). This color change indicates that new oxide layer is formed, which took 1785 s for the Ti substrate to spent 1.13 C (Table I) . As the anodization voltage is further increased to 90 V, the titanium surface appears navy blue, with edges still being purple (Fig. 2d ). It can be concluded that the oxide layer color for the constant electric charge of anodization changes from turquoise to yellow, orange, purple and finally navy blue, depending on applied voltage. 3, 30 The absence of uniform color can be explained by uneven primary current density distribution -current densities are not the same at the center of substrate and towards the edges. 31 The electric charge received by the substrate is not the same at every point of the substrate. Fig. 3 shows surface morphology of the titanium substrate and anodic oxide films obtained by applying different voltages during anodization process, keeping the applied electric charge on anode constant. Before anodization, the surface of polished sample was smooth and homogeneous ( Fig. 3a) . By increasing the anodization voltage, the increase in surface roughness can be observed for 30 and 60 V ( Fig. 3b and c) , whereas some flattening of the surface happens ( Fig. 3d ), although the roughness appears to be higher at 90 V than for 60 V. This is confirmed by linear and surface roughness analyses (Figs. 4 and 5 and Tables II and III) . Anodization at 30 V leads to formation of compact oxide layer on the surface of Ti substrate (Fig. 3b) , with some small bumps corresponding to secondary oxide particles. These can be defined as secondary oxide particles, since the difference between them and primary oxide layer is evident. Conducting anodization process at 60 V leads to complete coverage of the titanium surface by secondary oxide layer (Fig. 3c) , and the substrate has increased roughness regarding untreated Ti plate and Ti plate anodized at 30 V. On the other hand, anodization at 90 V changes the substrate surface roughness further (Fig. 3d ), in the sense that surface becomes even smoother. The morphological features change in sense that the surface peaks broaden and the valleys, i.e., vacancies, fill-up, causing the surface to be smoother. These processes lowered the root-mean-square roughness (RMS), Table II and Fig. 4 . TABLE II. The results of measurements of different roughness parameters; Ra -arithmetic mean of the absolute values of profile deviation from mean within sampling length; Rq = RMS -the square root of the arithmetic mean of the squares of profile deviation from mean within sampling length; Ry -the sum of height of the highest profile peak from the mean line and depth of the deepest profile valley from the mean line within sampling length; Sm -the mean spacing between profile peaks at the mean line within sampling length It can be seen from Fig. 4 that the linear roughness increases as the applied voltage increases up to 60 V, and then it decreases when Ti is anodized at 90 V. Non-anodized Ti substrate has low values of Ra, Rq (RMS) and Ry. Upon anodization at 30 V, Ra and Rq drastically increase, and the profile becomes coarser. On the primal oxide layer, second oxide layer in the form of islands start to appear on the surface, which can be seen from increased Sm value (the mean spacing between profile peaks at the mean line within sampling length). This measurement is in accordance with observations from Fig. 3b . At 60 V, the formation of the secondary oxide layer is the most visible. Ra and Rq values almost double regarding anodization at 30 V and the peaks grow higher, while the valleys dig deeper (Ry). The Sm value decreases, which is the indicator of complete coverage of the titanium surface by secondary oxide layer. At 90 V of anodization, specific changes take place. Although the Ra and Rq values decrease, which indicates some flattening of the surface, Ry value suggests that the valleys started to fill with oxide layer and accordingly the peaks got broadened, Fig. 4 . Accordingly, the Sm value at 90 V is the lowest among the samples, which leads to the conclusion that the surface is wavier, and that oxide layer grows uniformly.
Further insight into anodization features is analyzed by AFM. Fig. 5 shows three-dimensional AFM images of untreated titanium substrate and those of ano- dized ones at 30, 60 and 90 V. The microscopy data was processed with Nano-Scope Analysis software and information regarding surface roughness was obtained. Table III shows the values of root-mean-square roughness (Rq or RMS) obtained from the AFM image of recorded area (5×5 µm 2 ). Untreated Ti plate (Fig. 5a) has smooth surface. It should be taken into account the height of the recorded profiles. For untreated Ti it is 300 nm div -1 , and for all the other samples ( Fig. 5b-d) it is 800 nm div -1 . For anodization at 30 V (Fig. 5b) , the anodic oxide film is compact with some small bumps of secondary oxide layer, and the surface roughness is relatively low. At 60 V (Fig. 5c ) the surface is considerably rougher, since the whole surface is covered with secondary oxide layer. The appearance of non-uniform surface in the oxide film caused an increase in surface roughness. The secondary oxide layer continued to grow up at 90 V (Fig.  5d ), but once the planar growth of oxide layer occurs, the surface roughness decreases. This can be attributed to a smoothening of secondary oxide layer. In-situ synthesis of hydroxyapatite/titanium oxide composite coatings on titanium substrate
The voltage of 60 V was chosen for in-situ synthesis of hydroxyapatite/titanium oxide composite coatings on titanium substrate since the Ti surface anodization at this voltage produced the roughest substrate surface. Fig. 6 shows FE-SEM image of composite anHAp/TiO 2 coating obtained by this novel anaphoretic method. It can be seen from the Fig. 6 that the coverage of the Ti substrate is complete. There are no visible cracks of the ceramic coating, leading to the conclusion that simultaneous processes of TiO 2 formation, HAp deposition and HAp incorporation into TiO 2 matrix occurs, which is well explained by Pantović Pavlović et al. 4 Granular HAp shapes can be observed in Fig. 6 . Granular particles are obtained by agglomerating growth of needle-like particles originating from starting HAp powder. Linear roughness measurements confirm the observations about the morphology of composite anHAp/TiO 2 coating on Ti substrate, i.e., the surface is order of magnitude rougher than the surface of anodized Ti. Since rough surface is required for good implant, this coating is good prerequisite for medical implants. It can probably show preferred osseointegration in forming direct bonding with a bone. All of the roughness values, namely Ra, Rq, Ry and Sm are much greater than for anodized Ti. These values are: Ra = 1.712 µm, Rq = 2.141 µm, Ry = = 8.581 µm and Sm = 0.0735 mm. It can be seen from these values that HAp particles are agglomerated, and Sm value is good indicator of the size of these agglomerates. Fig. 8 shows three-dimensional AFM image of composite anHAp/TiO 2 coating obtained by novel in-situ synthesis method. As for the anodized samples, the microscopy data was processed with NanoScope Analysis software and information regarding surface roughness was obtained. Recorded area was the same as ________________________________________________________________________________________________________________________ Available on line at www.shd.org.rs/JSCS/ (CC) 2019 SCS.
for anodized samples (5×5 µm 2 ). The height division of the recorded profile is 1500 nm div -1 . The Rq value of the surface was 74.437 nm. It can be seen that the surface has much greater Rq value than anodized Ti surfaces, which is already shown by linear roughness measurements.
Since the adhesion is the most important feature of HAp coatings on Ti substrate for the application of this composite material in medical science, the adhesion test was performed. Adhesion strength was quantified by adhesion test according to ASTM D 3359-02: Standard Test Methods for Measuring Adhesion by Tape; cross-cut tape test (B). The optical image of the coating after performing adhesion testing is shown in Fig. 9 . By evaluating, quantifying and classifying the adhesion of composite anHAp/TiO 2 coating according to ASTM D3359-02 standard, it can be concluded that adhesion is level 4, where 5 is the best adhesion (no delamination and no flaking) and 0 is the worst adhesion (more than 65 % of the coating delaminated). Comparing to standard cathaphoretic method of HAp deposition, which has level 0 adhesion before sintering and level 1 or 2 (depending of surface pretreatment) after sintering, this novel method is a huge improvement, having in mind that the sintering was applied. CONCLUSION Anodization of Ti substrate was performed under 30, 60 and 90 V in order to determine the best conditions for subsequent in-situ synthesis of hydroxyapatite/titanium oxide composite coatings on titanium substrate. The linear and surface roughness analyses have shown that titanium anodized at 60 V has the highest roughness, and that at 90 V flattening of the surface occurs; the valleys start to fill with oxide layer and the peaks broaden, pointing out that anodization of Ti at 90 V makes surface less coarse. Novel process of composite anHAp/TiO 2 coating synthesis comprises simultaneous processes of TiO 2 formation and HAp, as well as HAp incorporation into TiO 2 matrix. Ti substrate surface is completely covered by HAp/TiO 2 composite coating. There are no visible cracks. The surface is one order of magnitude rougher compared to anodized Ti obtained at the same anodization voltage. The adhesion, quantified by ASTM D3359-02 standard, is considerably improved as compared to the same coatings obtained by cathaphoretic processes, even without sintering of the coatings. This novel in-situ process of HAp coating deposition can provide excellent material for medical implant application. Процесом анодизације титанског супстрата у циљу накнадне in-situ анафортеске синтезе композитних превлака хидроксиапатит/титан-оксид формиран је оксидни слој на титанској подлози. Анодизација је рађена на напонима на ћелији од 30, 60 и 90 V, а испитивани су морфологија третиране површине, као и линеарна и површинска храпавост, помоћу FE-SEM, AFM и тестера храпавости, редом. Анализом линеарне и површинске храпавости показано је да титан анодизован на 60 V има највећу храпавост, док при анодизацији на 90 V долази до равнања површине. Како је највећа храпавост површине добијена при анодизацији на 60 V, нови процес композитне синтезе anHAp/TiO2
